The MARS15 radiation simulations were performed for the ILC cryomodule. The model assumes a uniform beam loss intensity of 1 W/m of 750-MeV and 250-GeV electron along the inner surface of the beam pipe and the cavity iris of the 12-m cryomodule. Two-dimensional distributions of radiation dose in the module were obtained. Absorbed dose rate and energy spectra of electrons, photons, neutrons and protons were also obtained at the three cryogenic thermometers locations by filling with silicon material in the appropreate locations, and radiation hardness of the thermometers was discussed. From the obtained results, maximum absorbed dose of thermometers at the cooling pipe is 0.85mGy/sec (85 mRad/sec), that is 0.31 MGy (31 MRad) for 20 years.
Introduction
For the International Linear Collider project (ILC), a superconducting RF cryomodule of the main linac is being designed and its characteristics are tested at Fermilab. Estimation of energy deposition due to electro-magnetic and photo-neutron showers induced by electron beam loss is essential to evaluate the radiation hardness of the electronics devices. Irradiation behaviors of a cryogenic thermometers have been studied for neutrons and photons in Dubna [1, 2] , and our thermometers should also be tested by experiment and simulation to clarify its characteristics.
Simulations of radiation and energy deposition by the MARS15 Monte Carlo code [3] were performed with a 250-GeV electron beam for the ILC project, and also with a 750-MeV electron beam for the ILC Test Area facility (ILCTA) planned to be built at Fermilab. From the calculated energy deposition distributions, absorbed dose rates for the cryogenic thermometers at various locations were obtained. Energy spectra of electrons, photons, neturons and protons were also obtained and particle-dependent absorbed doses were clarified and discussed.
Cryomodule Geometry
A cryomodule geometry for the simulation was made by a simplified design of TESLA at DESY [4] . The main linac consists of many-chain cryomodules to accelerate an electron beam up to 250 GeV in ILC. In this work, simulations in one cryomodule region were carried out.
Figs.1, 2 and 3 show cross-sectional views of the MARS15 cryomodule geometry. One cryomodule structure is about 12-m long and has 8 cavities as shown in Fig.1(a) . One cavity has 9 cells (8-9cell cavities) as shown in Fig.1(b) . Cavity cells are made with 2.8-mm-thick niobium and are simplified in a rectangular shape as shown in Fig.1(c) . Liquid-helium is flowing between the cavity and 5-mm-thick titanium vessel which is covered with 1-mm-thick mu-metal.
As shown in Fig.3 , the cyromodule itself is covered with a carbon steel casing. A helium gas duct in the center is made of stainless steel. Several cylindrical pipes for a cooling pipe shield are made of aluminum or stainless steel. Alminum thermal shields were simplified to be cylindrical or elliptical shapes.
Silicon material regions of the cryogenic thermometers should be large enough to get good statistics in a Monte Carlo calculation, but this regions should not disturb the radiation field because the actual thermometer size is on a few mm scale. Therefore, silicon material with air density are defined in the rectangular shape inside of the three cylindrical pipes of the cooling pipe shield in the region from 3 to 11 m in the beam line direction as shown in Fig. 2 to get maximum average absorbed dose.
Beam Loss
Electrons at a grazing angle of 1 mrad were impacted on the inner radius of the beam pipe uniformly in the circumference and uniformly in entire length of a cryomodule, as shown in Fig. 1(c) . The results were normalized to 1 W/m beam loss intensity.
Dark current is generated due to an electron field in the wave guide, cavity, RF-gun cathode etc., and is not negligiblly small. However, mechanisms of the dark current generation are complicated, conditiondependent and unclear. In order to simplify the issue in this work, it is assumed that dark current produced from a cathode at RF-gun is dominant and that energy and direction of the dark current electron are equivalent to those of the electron of the primary beam.
Prompt and Absorbed Dose Rate
A side view of prompt-dose distribution is shown in Fig. 4 for the 250 GeV case. The upper figure shows the entire region of up to 12 m, while the lower figure shows the first 2.8 m. The absolute values were normalized to 1 W/m beam loss.
Although, the beam loss is distributed uniformly along 12 m, the promt dose rate profile seems to build up in the upstream region (the first 2-m region) because of secondary-particle forwardness is visible in the simulation with one crymodule. In reality, since several cryomodules are continuously located, dose rate distribution is expected to be almost uniform.
In order to estimate maximum absorbed dose in the thermometers, the region from 3 m to 11 m was taken into account (see Fig. 2 ) so that the maximum average prompt and absorbed dose rates were obtained in the cross sectional view shown in Fig. 5 (a) and (b), respectively. Detailed numerical values of the absorbed dose rates at three thermometers regions are discussed in Section 6.
Energy Spectra
Particle energy spectra of photons, electrons, neutrons and protons were scored in the three thermometers regions, and are shown in Fig. 6 for both 750 MeV and 250 GeV electron beams at the thermometer-2 where the radiation level is the highest of the three. It can be found that spectra shapes and absolute fluences of each particles due to the different beam energies are almost identical in the lower energy region (below ∼500 MeV) when simulation results were normalized to the unit W/m beam loss.
Mean energies < E > of each spectrum are also shown in Fig. 6 . Since fluxes in the low energy region are dominant, the mean energies are all about several MeV except for protons.
Relation Between Energy Spectrum and Absorbed Dose
The real thermometer is about 1-mm thick (0.234 g/cm 3 ), and 234-cm thick equivalent in air density (10 3 g/cm 3 ). In the simulation, the thermometer regions were around 2-cm thickness of air density and much thinner than 234 cm. Therefore, flux-to-absorbed-dose conversion factors for each particle were calculated seperately by MARS15 in a simple geometry with a 234-cm thick silicon using the energy spectra at the thermometer-2 for the 750 MeV cryomodule in Fig.6 . The spectra at the thermometer-1 and 3 were similar and the same conversion factors were assumed. (The difference from those for 250 GeV are negligible, as mentioned in the previous section.) Table 1 gives the obtained conversion factors.
Using the fluxes at three thermister regions in the cryomodule simulations, partial absorbed dose rates by electrons, photons, neutrons and protons for 750 MeV were obtained and are given in Table 2 . Although photon flux is highest for all thermometers, absorbed dose by electron is dominant (60-80%). The maximum absorbed dose rate is about 0.85 mGy/sec (85 mRad/sec) at thermometer-2, and a 20-year integrated absorbed dose is 0.31 MGy (31 MRad) when 5000-hr annual operation is assumed.
Conversion factors were obtained by the simple geometry calculation also for mono-energetic electrons, photons and neutrons, and fission neutrons whose mean energies are close to those of the spectra at the cryomodule. The values are given also in Table 1 . Ratios of these conversion factors to those of the spectra at the cryomodule were obtained, and these ratios are useful for a practical irradiation measurement to investigate the radiation hardness of the thermometer devices prior to the cryomodule operation.
Conclusions
The MARS15 simulations were performed for the ILC cryomodule with 750 MeV and 250 GeV electron beam losses. From the simulation results, in the same beam-loss power, the dominant part of energy spectra of particles, prompt dose and absorbed dose are independent of beam energy. The maximum absorbed dose of the cryogenic thermometers at the cooling pipe is 0.85 mGy/sec (85 mRad/sec), that is 0.31 MGy (31 MRad) for 20 years. Mean energies of electrons, photons and neutrons are around 2-5 MeV, and monoenergetic sources with those energies can be useful for irradiation tests with slight correction factors.
The MARS15 input files created for this study are given in Appendix. .0d0*pi*rand() z=(zend-zbegin)*rand() + zbegin x=SRCr*sin(theta) + xcavity y=SRCr*cos(theta) dcx=sin(theta)*sin(alpha) dcy=cos(theta)*sin(alpha) dcz=sqrt(1-dcx**2-dcy**2) E= (Ene2-Ene1)/(z2-z1)*(z-z1) + Ene1 ! electron energy C++++++++++++++++++++++++++++++++++++ RETURN END
SRC.DAT
Data file of beam loss location and energy range for beg1 subroutine.
- ! zbegin,zend,') C4e=-1.0 ** start geometry *************************************************** *** Comment write(10,*) 'ILC cylindrical geometry' write(10,*) c write(10,*) 'OPT' ***common data NTR =0 ! rotation for target *** Thermister *** NT =1 ! box IM = msi ! Si z1= 300. z2=1100.
TIT='Thermister1' VNAM='therm1' XR = 22.071*inch YR = -13.976*inch ZR = z1 C3 = z2 -z1 C2 = 2.150/2.0*inch ! outer radii XYH=C2/sqrt(2.0) C1=XYH C2=XYH call geo vol = C1*C2*C3*4 write(31,*) ' VOLUME(',NREG,')=',vol write(30,300) XR-XYH-XREF,XR+XYH-XREF,YR-XYH,YR+XYH,z1,z2,VNAM 300 format('XYZ ',0p3f8.2,1x,0p3f8. ! outer radii c3 = 74.73 call geo ** stop geometry *************************************************** write(10,*) 'STOP' ! GEOM.INP stop END *********************************************************************** 
